ABSTRACT fl,fl'-iminodipropionitrile (IDPN) produces a rearrangement of axoplasmic organelles with displacement of microtubules, smooth endoplasmic reticulum, and mitochondria toward the center and of neurofilaments toward the periphery of the axon, whereas the rate of the fast component of axonal transport is unchanged. Separation of microtubules and neurofilaments makes the IDPN axons an excellent model for study of the role of these two organelles in axonal transport. ]-he crosssectional distribution of [aH]-Iabeled proteins moving with the front of the fast transport was analyzed by quantitative electron microscopic autoradiography in sciatic nerves of IDPN-treated and control rats, 6 h after injection of a 1:1 mixture of [aH]-proline and [aH]-Iysine into lumbar ventral horns. In IDPN axons most of the transported [~H] proteins were located in the central region with microtubules, smooth endoplasmic reticulum and mitochondria, whereas few or none were in the periphery with neurofilaments. In control axons the [aH]-Iabeled proteins were uniformly distributed within the axoplasm. It is concluded that in fast axonal transport: (a) neurofilaments play no primary role; (b) the normal architecture of the axonal cytoskeleton and the normal cross-sectional distribution of transported materials are not indispensable for the maintenance of a normal rate of transport. The present findings are consistent with the models of fast transport that envision microtubules as the key organelles in providing directionality and propulsive force to the fast component of axonal transport.
The role played by the axonal cytoskeleton in providing directionality and propulsive force to materials migrating with the fast axonal transport is poorly understood and controversial (l, 2, 3).
Ochs (4) has proposed that transport occurs along microtubules (MT) and is mediated by "transport Filaments," made possibly ofactin, bound to the transported materials and moved down the axon by MT side arms. According to Pollard (5) , transport along the MT is mediated by an actomyosin system anchored to MT and to moving particles; propulsive forces would be generated by conformational changes similar to those of muscle contraction. In still another model, Gross (6) postulated that materials are transported by carrier streams generated by and around MT.
All these models emphasize the role of MT and are supported by numerous studies (7) . However, the direct involvement of MT in fast transport has been questioned (8, 9) , and in another model neurofflaments (NF) have been postulated as the possible mediator of fast transport: Willard and Simon (10) sug-gested that NF comprise a central core wrapped by a helix and might function as a rotary motor providing propulsive force to the fast transport.
We have recently shown (11) that, following administration of fl,fl'-iminodipropionitrile (IDPN) to rats, axonal MT and NF segregate: whereas MT with smooth endoplasmic reticulum (SER) and mitochondria are found in the central region of the axon, NF occupy the peripheral zone. Moreover, the slow component of the axonal transport is affected whereas the rates of the fast anterograde and retrograde transports remain normal (12) . The IDPN axon, therefore, is an excellent model for investigation of the possible roles of MT and NF in the fast anterograde axonal transport. Using quantitative electron microscopic (EM) autoradiography, we determined the crosssectional distribution of [ZH]-labeled proteins migrating with the front of the fast anterograde axonal transport in IDPNtreated and control rats. We found that in IDPN axons the fast-transported proteins occupy only the central region, where most of the MT and only few of the NF are located, whereas
M A T E R I A L S A N D M E T H O D S
Male Sprague-Dawley rats (200 g) were used. IDPN (Eastman-Kodak, Rochester, NY) was diluted 1:5 in saline and the pH adjusted to 7.3. Each of three rats received 2 mg/kg of IDPN, divided in four equal doses, which were administered every third day by intraperitoneal injection. Three control rats received equal volumes of saline. 3 wk after the last injection, control and experimental rats were injected intraspinally with 6 #1 of saline containing 1-1.5 mCi of a l:l mixture of L-(2,3,4,5-[3H])-proline (139.1 Ci/mmol) and L-4,5[aH]-lysine (74.3 Ci/mmol) (New England Nuclear, Boston, MA). Under halothane anesthesia, 3-4 microinjections were given into the left fourth, fifth, and sixth lumbar ventral horns according to a modification of the method described by Lasek (14) .
Rats were sacrificed 6 h later by intracardiac perfusion of 50 ml of 1% paraformaldehyde followed by 1 1 of 3.5% glutaraldehyde in 0.12 M phosphate buffer, pH 7.3, at 37°C. The left sciatic nerve was dissected out and cut into 2.5-mm segments. Radioactivity in every alternate segment was measured by liquid scintillation counting. (In preliminary experiments the unincorporated radioactivity extracted from unfixed nerves with 5% TCA accounted for ~ 10% of the total in both controls and IDPN-treated animals.) The region of the nerve containing the front of the transported proteins was processed for quantitative EM autoradiography. These segments were further fixed in 2.5% glutaraldehyde overnight, washed three times with 8% dextrose in phosphate buffer for 20 rain each time, postfixed in 4% OsO+ for 2 h, dehydrated in graded alcohols, propylene oxide, and embedded in Epon 812 (Ernest F. FuUam, Iac., Schenectady, NY).
Light and EM autoradiograms were prepared according to the technique of Salpeter et al. (15) as previously described (16, 17) , except that autoradiograms were developed with Kodak DI9. All myelinated axons with an approximate radius of 1.6 #m and a surrounding annulus 0.64tzm (4HD) t in width, containing three or more silver grains, were photographed and the negatives enlarged to a final magnification of x 27,000.
Histograms of grain density distribution were obtained according to the method of Salpeter (16, 17, 18) . Because there were no statistically significant differences, data from controls (three rats) and from IDPN (three rats) were combined to obtain one histogram for each group. These experimental histograms were compared with theoretical curves for radioactive sources of size and shape similar to those of the axons examined, provided by Salpeter et al. (18) , to analyze the distribution of radioactivity. Standard errors in the histograms were obtained using the formula G/P ~ I/P, where G = number of silver grains and P = number of random points for each compartment (19) . Statistical differences between IDPN and control densities were determined using the formula (DI -D2)/ V(SE~) ~ + (SE2) 2, where D = G/P and SE = standard error.
RESU LTS
T h e I D P N -t r e a t e d a n i m a l s s h o w e d r e o r g a n i z a t i o n o f axop l a s m i c o r g a n d i e s with m i c r o t u b u l e s , S E R , a n d m i t o c h o n d r i a located at the c e n t e r a n d n e u r o f i l a m e n t s at the p e r i p h e r y o f the a x o n s (Fig. 1) . N o significant difference was f o u n d in the rate o f m o v e m e n t o f the fast c o m p o n e n t o f a x o n a l t r a n s p o r t a l o n g the sciatic n e r v e o f I D P N -t r e a t e d w h e n c o m p a r e d to control rats (Fig. 2 ). n c e n t r a t i o n s o f silver grains were p r e s e n t in the central zone o f m o s t a x o n s w h e r e a s o n l y a few g r a i n s o c c u p i e d t h e n e u r o f i l a m e n t -c o n t a i n i n g peripheral zone (Fig. 3 a) . In control a x o n s n o preferential localization o f silver grains in a n y a x o n a l region was a p p a r e n t (Fig.  3 b ) .
Light and EM Autoradiography

Q u a n t i t a t i v e E M a u t o r a d i o g r a p h y d e m o n s t r a t e d t h a t the
; H D (half distance) is an experimental measure of resolution in autoradiography and is the distance from a radioactive line source within which 50% of the grains lie (18) . In this study it is equal to 0.16 /.tm.
FIGURE I Cross-section of an axon from the sciatic nerve of an IDPN-treated rat. Microtubules, smooth endoplasmic reticulum, and mitochondria are clustered at the cehtral region, whereas neurofilaments occupy the periphery. Note side-arms between neurofilaments and "wispy" material among microtubules. Bar, 0.5 #m. x 13,400. Segment 1 corresponds to the ihitial segment of the sciatic nerve.
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Arrowheads indicate nerve segments used for quantitative EM autoradiography. d i s t r i b u t i o n o f the i n t r a -a x o n a l radioactivity was strikingly different in I D P N a n d control a x o n s (Fig. 4) 
. A s s h o w n in t h e h i s t o g r a m s o f g r a i n d e n s i t y distribution, e a c h c o m p a r t m e n t o f the I D P N a x o n was significantly different f r o m the c o r r e s p o n ding c o m p a r t m e n t o f the control axon. In the I D P N a x o n , labeled p r o t e i n s m i g r a t i n g with the front o f the fast t r a n s p o r t were p r e s e n t a l m o s t exclusively in t h e central r e g i o n c o n t a i n i n g m o s t o f the M T , S E R , a n d m i t o c h o n d r i a . W h e n c o m p a r e d to the theoretical curves, the d i s t r i b u t i o n o f radioactivity in this
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Histograms of normalized grain densities over and around IDPN ( ) and control ( ---) axons, representing the cross-sectional distribution of the radioactivity migrating with the front of the fast transport. The theoretical curves that best fit each histogram are superimposed. In the controls this curve is that lemma; the grain densities in the peripheral part of the axon were only sightly higher than those expected outside the edge of the radioactive source; this indicates that only little radioactivity was present in this region of the axon occupied mostly by NF. In the control, migrating labeled proteins were distributed uniformly within the entire cross-section of the axon, except for the axolemma, which contained little or no radioactivity.
DISCUSSION
The present study demonstrates that, following IDPN administration, the displacement of MT, SER, and mitochondria toward the center and of NF toward the periphery of the axon is associated with a redistribution of the proteins migrating with the front of the fast component of the axonal transport; these proteins codistribute in the axon with the MT, SER, and expected if the radioactivity is uniformly distributed over the axon. In the IDPN axon the theoretical curve fitting the histogram best is that expected if the radioactive source occupies only the central region of the axon and has its edge located 0.56 /~m inside the axolemma. In this central region the radioactivity is uniformly distributed. Grain densities in the peripheral part of the axon are only slightly higher than those expected outside the edge of the radioactive source, indicating that very little radioactivity is present in this region occupied mostly by neurofilaments. Histograms were normalized at the edge of the radioactive sources (arrows). * P <0.001; A p <0.002; O P <0.05 refer to level of significance when grain densities in compartments of IDPN axons and controls are compared. (IDPN and control histograms are based on 940 and 463 grains, respectively.) mitochondria whereas virtually none are found in the region occupied by NF. The present study also confirms that the rate of the fast transport is not altered in IDPN-treated animals (12).
These findings allow for several conclusions. The most important is that NF play no primary role in fast axonal transport. In addition it can be inferred that (a) a normal architecture of the axonal cytoskeleton and a normal distribution of the transported materials are not indispensable for the maintenance of a normal rate of fast transport and (b) the mechanism of transport of the fast component must be independent from that of the slow because after IDPN administration, as used in this study, the slow transport is impaired (reference 12 and unpublished data).
The Another interesting fmding of the present study concerns the distribution of the [3H] proteins migrating with the front of the fast axonal transport in the normal axons; these proteins were found to be uniformly distributed within the axoplasm excluding the axolemma, which had little or no radioactivity. A detailed comparative study of the cross-sectional distribution of labeled proteins migrating with the front oftbe fast transport and of those left behind with the stationary phase in normal axons will be the subject of a separate report. 
